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Balanced XAS
X-ray absorption spectroscopy (XAS) is a powerful and well established technique
with sensitivity to elemental and chemical composition.1 Despite these advantages,
its implementation has not kept pace with the development of ultrafast pulsed x-ray
sources where XAS can capture femtosecond chemical processes. X-ray Free Elec-
tron Lasers (XFELs) deliver femtosecond, narrow bandwidth (∆E
E
< 0.5%) pulses
containing ∼ 1010 photons.2 However, the energy contained in each pulse fluctuates
thus complicating pulse by pulse efforts to quantify the number of photons. Improve-
ments in counting the photons in each pulse have defined the state of the art for
XAS sensitivity. Here we demonstrate a final step in these improvements through a
balanced detection method that approaches the photon counting shot noise limit. In
doing so, we obtain high quality absorption spectra from the insulator-metal tran-
sition in VO2 and unlock a method to explore dilute systems, subtle processes and
nonlinear phenomena with ultrafast x-rays. The method is especially beneficial for
x-ray light sources where integration and averaging are not viable options to improve
sensitivity.
a)Electronic mail: wschlott@slac.stanford.edu
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X-ray absorption spectroscopy (XAS) is a valuable tool for understanding electronic struc-
tures; it has impacted scientific insights in fields ranging from heterogeneous catalysis to
correlated electron systems like those exhibiting metal-insulator transitions.3,4 Soft X-ray
absorption spectroscopy is sensitive to both elemental composition and chemical state. It
can be used to probe bonds formed by specific elements such as carbon, nitrogen and oxy-
gen as well as to understand the role that d-orbital electrons play in the many emergent
properties of transition metal compounds.1 The high sensitivity that enabled these advances
is provided by the stable and sizable x-ray photon flux (number of photons per second)
generated by modern storage ring synchrotron light sources.
The advent of ultrafast pulsed x-ray sources sparked excitement in the promise of tracking
electron dynamics with femtosecond resolution.5 Early demonstrations at low flux sources
further fueled the enthusiasm.6,7 However, the development of XAS at next generation x-
ray free electron laser (XFEL) sources has not been limited by the number of available
photons but instead by methods for normalization. The temporal structure of the x-ray
pulse FEL sources, which deliver millijoule-scale pulses with tens of femtosecond durations,
has hindered the development of XAS. The deluge of photons from each pulse challenges the
linearity and dynamic range of established detectors such as photodiodes and multi-channel
plates. Consequently the application of XAS at XFELs to time resolved measurements
has been restricted, often requiring extensive experimental beamtime for limited, albeit
significant, results.8–10
The scarcity of short pulses at FEL sources, which typically operate between 10-120 Hz,
has favored spectroscopic methods that take advantage of the full pulse bandwidth.11 Im-
proved normalization can be achieved using a transmission grating to generate two spectrally
dispersed copies of the incident beam.12 Recently, off axis zone plate illumination was used
to fill an area detector (e.g. CCD) in order to resolve ultrafast pump probe signals in a
single shot.13 Because the spectrum for each pulse is different, improvements to signal qual-
ity require improved detection or averaging and careful normalization over multiple pulses.
However, the complete measurement of both energy spectrum and temporal evolution in
a single pulse is not conducive to high sensitivity spectroscopy because of limitations in
averaging due to detector readout noise.
By restricting each single shot measurement to a narrow spectral energy bandwidth
recorded with superior normalization afforded by high dynamic range detection, one can
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obtain high fidelity absorption measurements that improve with averaging. This is the stan-
dard method for XAS measurement at synchrotron storage rings where advances in grating
monochromators enabled high spectral resolution XAS using detection methods including
total electron yield, fluorescence and transmission.1,14 This approach has been used to record
the highest quality XAS spectra at x-ray FEL sources.10 Recently the use of a CCD to mea-
sure transmission greatly enhanced the sensitivity for time-resolved XAS measurements at
a FEL. By expanding the x-ray beam on the area detector the low noise properties of the
CCD are exploited while improving dynamic range.9
Here we employ the ability of a grating to generate consistent copies of a beam com-
bined with a zone plate to uniformly illuminate a high sensitivity CCD area detector, thus
demonstrating photon counting noise as the main limitation to XAS sensitivity.
Photon counting noise or shot noise represents the ultimate limit to photon detection
sensitivity as described by statistical optics. Because each soft x-ray photon observed on
a silicon detector generates hundreds of electrons, cooled, low noise electronics can easily
resolve a single photon. Therefore, the dynamic range in this regime is not limited by
readout electronics, but rather the total number of detected photons which scales with the
illuminated detector area. A typical megapixel CCD area detector can linearly observe 109
photons (λ=1 nm).15 The uncertainty in counting because of photon shot noise is
√
N or
SNR=104 for 108 detected photons. However, a single shot sensitivity of 104 is far from the
current single shot state-of-the-art for XAS at an FEL.
Sensitivity at (or near) the photon counting limit will extend XAS to study dilute samples
and open the possibility to measure subtle changes associated with non-linear processes. It
represents the most efficient data collection method, therefore it is also ideally suited for
radiation sensitive samples.
Our experimental arrangement is illustrated in Figure 1 where monochromatic, soft x-
rays (λ=2.4 nm, λ
∆λ
=3500) illuminate a transmission diffraction grating. The transmission
diffractive optical element includes a zone plate and grating combined on a single structure.
In this way two identical, balanced, highly divergent beams are generated by amplitude
division. Even if the two beams differ because of imperfection in the diffractive element,
their photon number ratio will be consistent. Upon detection, the number of photons in each
of the first order beams differs based on a Poisson statistical parent distribution. For the
XAS measurement one beam passes through the sample (signal, s) while the other serves as
4
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FIG. 1. The two diffracted beams form the reference, r, that does not pass through the sample
and the signal, s, that does. a) The grating zone plate structure is fabricated by electron beam
lithography (see methods) and contains a 600 nm outer zone width. Because the average single pulse
fluence illuminating the zone plate is 43 nJ/cm2 the zone plate is well below the damage threshold.
b) A pnCCD destructively measures both beams from a single pulse as they are detected within
isolated regions of interest (ROI). c) The reference ROI containing 5.4×104 photons spread over
16,510 pixels is shown with a graininess characteristic of photon counting noise.
a reference (r) beam. Because of the divergence of the zone plate focal length (f=122 mm
for a photon energy of 525 eV), the beams expand rapidly to fill the large area detector.
Following photon detection of the two beams on the CCD, the detector is read out and
corrected (see methods) and the two regions of interest (ROI) are selected for integration,
see Figure 1. The transmission through the sample is calculated simply by computing the
ratio of the two integrated regions of interest.
To demonstrate shot noise limited performance we validate the setup without a sample
in place to form two identical beams.
Figure 2 a) shows a correlation plot between the two ROIs. A line fit to the correlation
gives the ratio of the number of photons in the two beams which is 0.97±0.001. The fit
describes the transmission which should ideally be unity. Therefore, the fit, in this case, is
5
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FIG. 2. Data for the control case where no sample is inserted into the the signal beam. a)
Correlation between signal and reference (integrated ROIs) for 8,739 single events (blue dots). The
red line is a fit to the data where the slope represents the transmission. b) Transmission vs. signal
for each shot are plotted. Solid lines indicate one standard error of the mean or the photon limited
error: Tlim = Tmean±
√
2/N where N is the number of photons measured in the signal ROI. In the
purely photon noise limited case, 2σ (68.2%) of the shots would fall between the error curves. Over
the full signal range shown 62.4% of the recorded shots are within this photon limited envelope.
the systematic error to the ratio between the two beams. By analysing the ratio of the two
ROIs vs. the reference ROI it becomes clear that the fidelity of the measurement increases
with the number of photons in each pulse as illustrated in Figure 2b). The fraction of
recorded events within the photon limited error envelope increases as the number of detected
photons in the signal increases.
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FIG. 3. The SNR (left axis) data points with errorbars are plotted vs. the signal level in photons.
The errorbars represent the standard error which is σSNR√
N
where N is the number of measurement
shots per point. The photon limited SNR (solid line) is provided to illustrate the maximum possible
SNR. For shots collecting more than 6×104 photons the SNR reaches the photon noise limit. The
histogram (right axis) of shaded bars displays the number of shots used to calculate the SNR and
error.
To quantify the sensitivity of this method we calculate the Signal to Noise Ratio (SNR)
as the ratio of the mean transmission, T , to the standard deviation of the transmission σT
such that SNR = T/σT .
The SNR improves as the number of detected photons increases and Figure 3 shows the
intensity dependence. For comparison the SNR in the photon counting noise limit, SNR =√
N
2
, is plotted as well. The error bars on the SNR (σSNR) are derived by propagating error
as follows:
V (σ2T ) =
(n− 1)2
n3
(
µ4 − n− 3
n− 1σ
4
T
)
(1)
where V (σ2T ) is the variance of the standard deviation of the transmission, µq is the q
th order
moment of T and n is the number of data points per bin.16 Using error propagation we can
arrive at the standard deviation of the SNR, σSNR.
σSNR =
√
V (σ2T )
2σT
∣∣∣∣< T >σ2T
∣∣∣∣ (2)
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We see that the SNR falls short of the shot noise limit by 35% at low signal and approaches
it for the highest signal shots. The explanation for the closing of this gap may come from
detector readout noise, like fixed pattern noise and errors in the common mode correction.
To demonstrate the advantage of this spectroscopy method we recorded an XAS spec-
trum of the often-studied transition metal oxide, VO2. Vanadium dioxide is technologically
interesting because of its insulator-to-metal transition slightly above room temperature. The
vanadium L-edges and oxygen K-edge are within a 50 eV photon energy scan range. While
the ROI in the balanced beam detection method shift spatially during the 50 eV photon
energy scan, they do remain fully on the detector. To generate these spectra, the sample
transmission is calculated by taking the ratio of the sum of the detected photons in the
sample ROI with respect to the reference ROI. The absorption length, α, corresponds to:
α = − ln(T )
tsample
where T is the sample transmission and tsample is the thickness. The method affords a
simple, yet absolute, calculation of the absorption length because the sample is studied in
transmission and an identical reference is recorded. Figure 4 shows two XAS spectra for
VO2 measured at temperatures above and below the metal-to-insulator transition. Each
FIG. 4. Absorption spectra recorded on the 50 nm thick VO2 sample at temperatures above (394
K) and below (301 K) the insulator-to-metal transition. The spectra span the vanadium L-edges
and the oxygen K-edge. The difference between the two spectra is plotted and depicts the changes
in the unoccupied electronic states.
8
Balanced XAS
spectrum was recorded in less than 17 minutes at 120 Hz repetition rate for a total of 82 nJ
of incident x-ray energy on the sample over each entire scan. These are the highest quality
VO2 spectra recorded using ultrafast x-ray pulses and are comparable to spectra recorded at
synchrotron storage rings for similar samples and conditions.17–19 The difference between the
two spectra that is plotted in Figure 4 is also validated by storage ring lightsource spectra.
VO2 is particularly sensitive to changes in temperature so it is important to minimize
the x-ray fluence incident on the sample. In this case the spot size was 80 µm at 500 eV
and 30 µm at 550 eV resulting in an average per pulse fluence of 10 nJ/cm2 and 75 nJ/cm2
respectively. The pulse duration was 110 fs. Because the distance between the zone plate
and the sample remained fixed during the scan we see this change in fluence as a result of
the longitudinal dependence, of the zone plate focal length on wavelength. The spot size on
the sample can be increased simply by moving it toward the detector because of the large
angular divergence. However, because the total integrated energy for the measured spectra
was only 82 nJ, x-ray induced changes are, in fact, undetectable.
Moving the sample position closer to the focus enables higher intensity and because the
focal spot can be less than 25 nm it is conceivable to reach a fluence of ∼ 1kJ/cm2 at an
FEL source. Such intensities are unprecedented at a narrow bandwidth, thus opening new
possibilities to study x-ray induced non-linear absorption phenomena.20
The method presented scales with photon counting noise. Therefore an optimized setup
capable of illuminating a full area detector (2.5 cm2) could detect 109 soft x-ray photons
(fewer at shorter wavelengths) and thus realize a per shot SNR of 20,000. Such sensitivity
would be suitable for measuring subtle differences in adsorption from dilute solutions or
very thin samples or interfaces. Because the position of the sample can be used to control
the fluence and the method is in the photon noise regime this represents the most efficient
XAS measurement possible. This is important at high intensity pulsed sources as well as low
intensity pulsed sources where the measurement of every photon is essential for obtaining the
best possible data quality. The experimental geometry affords sufficient space to introduce
a magnetic field or a pulsed laser to optically pump the sample.
We have demonstrated x-ray absorption spectroscopy limited only by photon counting
statistics. This method is well suited for pulsed sources such as x-ray free electron lasers
like the one used here. Moreover, thanks to this efficiency, samples prone to change or
damage upon x-ray illumination can be explored at the lowest possible exposure fluence.
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Our exemplary XAS spectra of the metal-insulator transition in VO2 validate that the
balanced beam detection is accurate, fast and robust. Application of balanced beam XAS
will provide new opportunities for time resolved x-ray experiments.
I. METHODS
A. X-ray Parameters
Data were collected on the Soft X-ray Instrument for Materials Science (SXR) at the
Linac Coherent Light Source (LCLS). For these spectroscopic energy scans the wavelength
was continuously adjusted by scanning the SXR monochromator between 510 eV and 550
eV.21,22 The LCLS electron beam energy was concurrently scanned to maintain the maximum
transmission through the monochromator. To ensure the zone plate was illuminated with a
clean wavefront, the exit slits on the monochromator were closed to 5 µm and the KB mirror
system was set to focus in the horizontal 1 m downstream of the zone plate. Consequently
the zone plate was illuminated and overfilled by a 1.3 x 1.9 mm (h x v) spot.
B. Zone plate parameters and fabrication
The integrated beam splitting zone plate was fabricated with gold on a 100 nm thick
SiN membrane using electron beam lithography and electroplating. See the micrograph in
Figure 1 a). The diameter of the zone plate was 480 µm with an outer zone width of 600
nm while the grating period was 225 nm. The combination of the zone plate and grating
into a single optic predicts a diffraction efficiency of 4.5% into the first order beams.23 The
parameters for the integrated zone plate grating were optimized to maximize the spot size
on the detector as well as the distance between the two beams as they intersect the sample
plane.
C. Sample and Reference Geometry
Because 90% of the illuminating beam is transmitted by the zoneplate, care was taken
to fully attenuate it using a beamstop located 180 mm downstream of the zone plate optic.
The horizontal focus of the KB mirror is downstream of the beamstop, thus preventing the
10
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direct beam from illuminating and saturating the detector.
For the VO2 measurements the sample and reference were positioned 130 mm downstream
of the zone plate at which point the spacing between the two diffraction orders was 3 mm.
The reference was a commercially available 3 mm diameter 200 µm thick Si substrate with
a 200 nm thick Si3N4 membrane to form a 250 x 250 µm window at the center. The sample
was a 50 nm thick VO2 film grown on an identical Si3N4 system.
19 The Si substrate between
the two Si3N4 windows serves as an order sorting aperture for the zone plate focal orders.
D. Detection and Photon Calibration
To optically isolate the detector, a 200 nm thick Al film was introduced 650 mm down-
stream of the zoneplate. The detector plane was located 2428 mm downstream of the
zoneplate. The pnCCD consists of two halves, each consisting of 1024 x 512 pixels each with
a size of 75 µm. The two detector halves were separated by 1.4 mm. The pnCCD was oper-
ated in high gain mode (1.1 ADU/eV) where the noise level is 0.12 ADU when the detector
temperature is -55 C, thus providing single photon sensitivity. The illumination levels were
below the full well depth of 300 000 electrons, ensuring no distortion from saturation.15
The sensitivity of this measurement requires careful attention to background subtrac-
tion, gain correction and common mode correction.24 The background was subtracted after
averaging 3480 images collected from the detector under the same conditions at which the
data was recorded. To compensate for pixel by pixel variations in gain, a correction matrix
is applied to each pixel as determined via flat field illumination. Finally, a common mode
correction was applied to compensate for the time-dependent variation in amplifier gain.
For this it was important to mask the area of illumination by the signal and reference ROI.
Determining the ADU per incident photon from the detector is crucial for correctly
evaluating the photon counting noise limit correctly. A histogram of the counts per pixel was
generated for various regions of interest using 1500 collected images. From these histograms
the first photon peak coincides with 574±61 ADU per photon.
11
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